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Abs t rac t  

Using 0.005 cm" reSOlUtion room-temperature F o u r i e r  t rans form spectra o f  

"0-enriched ozone Samples, an ex tens ive  ana lys i s  o f  t he  v ,  bands o f  the  two 

iso topes  1r01e0160 and ' 60 '60 '@0 was performed. 

l e v e l s  o f  bo th  species deduced from these analyses toge the r  w i t h  the  a v a i l a b l e  

microwave da ta  were then reproduced us ing  a Watson A-type Hamil tonian lead ing  

t o  accura te  v i b r a t i o n a l  energies and r o t a t i o n a l  constants f o r  t he  ground 

s t a t e s  (000) and f i r s t  e x c i t e d  v i b r a t i o n a l  s ta tes  (010) o f  these two i s o t o p i c  

species. The f o l l o w i n g  band centers were obtained: v ,  (1c01e0160) = 693.3057 

cm-', u, (1601601eO) = 684.6134 cm-'. 

transformed t r a n s i t i o n  moment operators o f  t he  two v ,  bands were used t o  

generate a complete l i s t  o f  l i n e  p o s i t i o n s ,  i n t e n s i t i e s ,  and lower s t a t e  

energies f o r  t h e  two iso topes  1601e0160 and 1r01601s0. 

V i b r a t i o n - r o t a t i o n  energy 

F i n a l l y ,  app rop r ia te  expansions o f  the  



4 

INTRODUCTION 

I n  a s e r i e s  o f  prev ious papers (L-z), we have repor ted  our  work 

concerning the  absorp t ion  i n  the  10-pm reg ion  o f  the  v, and v, bands o f  the 

i s o t o p i c  species o f  ozone 1601a0160, 1601601a0, laO1' 'O1aO,  and la0,. This  

e f f o r t  was undertaken i n  o rder  t o  improve our knowledge o f  t he  spectroscopy o f  

the  ozone molecule and t o  generate l i n e  parameters (pos i t i ons ,  i n t e n s i t i e s ,  

and lower s t a t e  energies) use fu l  f o r  atmospheric remote sensing a p p l i c a t i o n s  

( A ) .  
bands o f  the  main i s o t o p i c  species "0, has been c a r e f u l l y  s tud ied  (5). To 

Recent ly,  t he  absorp t ion  i n  the  14-l.m reg ion  by the  v, and 2v,  - v ,  

prov ide  an ex tens ive  understanding o f  i s o t o p i c  ozone absorp t ion  i n  the same 

spec t ra l  reg ion,  we present  i n  t h i s  paper the  r e s u l t s  concerning the  v ,  bands 

o f  t he  two laO- i so top ic  ozone va r ian ts  o f  pr imary atmospheric i n t e r e s t ,  

1 6  10 1 6  0 0 0 and 1601g01a0. 

EXPERIMENTAL DETAILS 

The spec t ra l  data used i n  the analyses were obta ined i n  June 1985 a t  room 

temperature and 0.005-cm" r e s o l u t i o n  us ing the  Four ie r  t rans form spectrometer 

loca ted  i n  the  McMath s o l a r  te lescope complex a t  the  Nat iona l  So la r  

Observatory on K i t t  Peak. The absorpt ion c e l l  used i n  these measurements was 

a 50-cm long 5.08-cm diameter Pyrex tube w i t h  Te f lon  valves. The KCll wlndows 

which were cemented onto the  ends o f  the  absorp t ion  c e l l  were  s l i g h t l y  wedged 

(5-10 mrad) t o  prevent  channel ing a r i s i n g  f rom m u l t i p l e  r e f l e c t i o n s .  

The ozone samples were prepared by c a r e f u l l y  m ix ing  known i n i t i a l  

pressures of 99.98% pure "0, and 95.9% pure ''0, i n  the  ozone generat ing 

system. The samples were generated us ing  the  standard s i l e n t  e l e c t r i c  



5 

discharge technique. The discharge was run f o r  -1 hour d u r i n g  which t ime 

l i q u i d  ozone was condensed on the  w a l l  o f  a l i qu id -n i t rogen-coo led  c o l d  t rap.  

A f t e r  t h e  d ischarge was tu rned o f f ,  t he  excess oxygen was pumped from the  

ozone genera t ing  system. The l i q u i d  ozone was then evaporated by a l l o w i n g  the 

c o l d  t r a p  t o  warm t o  room temperature. Recording o f  t he  da ta  was s t a r t e d  when 

the  pressure had s t a b i l i z e d .  Before s t a r t i n g  t o  record  the  spectra,  the  

absorp t ion  c e l l  was cond i t ioned f o r  ozone by genera t ing  a sample and keeping 

i t  i n  the  c e l l  f o r  a few hours. Add i t i ona l  d e t a i l s  concerning the  ozone 

genera t ing  method a r e  g i ven  i n  Refs. (1, 4). 
Analyses were performed on two spectra recorded w i t h  ozone samples 

generated from oxygen m ix tu res  which contained -85% "0, and -15% "02. 

The f i n a l  sample pressures were -23.2 and -15.3 T o r r  i n  t h e  abso rp t i on  

c e l l .  The sample pressures and temperatures were monitored cont inuous ly  

d u r i n g  t h e  -1-hour record ing  t ime f o r  each spectrum us ing  a 0- t o  100- o r r  

Barocel pressure gauge and a thermocouple kept  i n  con tac t  w i t h  t h e  c e l  wa 

The wavenumber sca le  o f  each spectrum was es tab l i shed  r e l a t i v e  t o  the  

standards i n  t h e  v, band o f  H,160 repor ted  by Brown and Toth (6). 
L ine  P o s i t i o n s  

1 .  

The pure  r o t a t i o n a l  spectrum i n  the  (010) s ta tes  o f  t he  two i s o t o p i c  

species 160'sO'e0 and ' ' O " O ' 6 0  was p r e v i o u s l y  s tud ied  (1) p r o v i d i n g  a good 

s e t  o f  r o t a t i o n a l  constants f o r  t he  (010) s t a t e  o f  bo th  molecules. Because 

t h e  r o t a t i o n a l  constants o f  t he  ground s ta tes  were a l s o  known (g), i t  was 

poss ib le  t o  generate a c a l c u l a t e d  l i s t  o f  l i n e  p o s i t i o n s  f o r  t h e  v, bands o f  

t he  two i s o t o p i c  species w i t h  o n l y  the  band centers  as unknown q u a n t i t i e s .  

A f t e r  several  attempts, t he  comparison between the  observed and c a l c u l a t e d  

spec t ra  al lowed us t o  determine these band centers  and t o  ass ign  t r a n s i t i o n s  

i n v o l v i n g  low and medium J and Ka values. These t r a n s i t i o n s  were f i t t e d  
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w i t h  a Watson-type Hami l ton ian t o  o b t a i n  the  v i b r a t i o n  energ ies and an 

improved s e t  o f  r o t a t i o n a l  constants f o r  the (010) s ta tes.  These constants 

were then used t o  extend the  assignments by e x t r a p o l a t i o n  t o  new l i n e s  w i t h  

h igher  J and Ka values. However, f o r  Ka values h igher  than 11, the  

ground-state l e v e l s  ca l cu la ted  us ing the r o t a t i o n a l  constants  der ived  from 

microwave t r a n s i t i o n s  (4) were found t o  d iverge from the  observed values w i t h  

d iscrepancies between observat ion and c a l c u l a t i o n  i nc reas ing  w i t h  inc reas ing  

Ka values. I t  was, there fore ,  necessary t o  improve the  ground-state 

constants  which was accomplished by f i t t i n g  s imul taneously  the  a v a i l a b l e  

microwave data o f  the  (000) s t a t e  (4) and the combination d i f f e r e n c e s  der ived  

f r o m  our  n f r a r e d  spectra. The molecular  constants r e s u l t i n g  f rom these f i t s  

a r e  g iven i n  Tables I and I 1  f o r  the  1601n0160 and 1601601n0 molecules, 

respec t i ve l y .  These constants a re  s i m i l a r  t o  those de r i ved  from the  microwave 

spectrum (4) b u t  a l l o w  a more p rec i se  c a l c u l a t i o n  o f  the  h i g h  Ka leve ls .  

The (000) l e v e l s  ca l cu la ted  from these constants were then used t o  determine 

the  (010) exper imental  l e v e l s  which were reproduced w i t h  the  a i d  o f  a 

Watson-type Hamil tonian. The corresponding v i b r a t i o n a l  energ ies and 

r o t a t i o n a l  constants  a re  gathered i n  Tables I and I 1  f o r  t he  1601n0160 and 

1 6  0 16 0 1 0  0 isotopes,  respec t ive ly .  

L ine  I n t e n s i t i e s  

As i n  our prev ious s tud ies  (1-3) o f  the spect ra o f  t he  "0 i s o t o p i c  

species o f  ozone, we faced the problem o f  determin ing the  l i n e  i n t e n s i t i e s  o f  

a molecule f o r  which a pure sample cannot be produced. We, there fore ,  decided 

t o  use theory  t o  c a l c u l a t e  the  l i n e  i n t e n s i t i e s  of t he  v ,  band o f  the  

symnetr ica l  molecule 1601'01'0. 

moment o f  

the t r a n s i t i o n  moment opera tor  o f  the v ,  band o f  160100160 der i ved  i n  t h i s  

This  was done by t r a n s f e r r i n g  the  d i p o l e  

us ing  the  theory  developed i n  Ref. (2), and the expansion o f  
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manner i s  g i ven  isn Table III., Using t h i s  expansion toge the r  w i t h  the  

wavefunctions deduced from the  energy c a l c u l a t i o n ,  t he  l i n e  i n t e n s i t i e s  o f  the  

v ,  band o f  ' K O ' a O ' K O  were computed and used t o  c a l i b r a t e  the  spectra. Then, 

assuming a r a t i o  o f  2 between the  amounts o f  ' K O I K O 1 e O  and l K O ' a O ' K O  i n  the  

sample, l i n e  i n t e n s i t i e s  o f  60 t r a n s i t i o n s  f o r  t he  l K O 1 a O I K O  molecule were 

measured and least-squares f i t t e d  lead ing  t o  the  expansion o f  t he  transformed 

t r a n s i t i o n  moment o f  t he  B-type component o f  t he  v ,  band o f  ' K O ' K O ' 8 0  which i s  

g i ven  i n  Table 111. I t  i s  w e l l  known t h a t  1K01KO'80 molecule belongs t o  the  

Cs p o i n t  group and, consequently, each band o f  t h i s  molecule i s  a h y b r i d  

c o n s i s t i n g  o f  a B-type and an A-type component. The B-type component was 

c l e a r l y  observed. However, because the  spectrum was very  crowded, i t  was n o t  

p o s s i b l e  t o  observe the  A-type component which i s  much weaker than the  B-type 

one. 

F i n a l l y ,  us ing  the  wavefunctions der ived  from the  d i a g o n a l i z a t i o n  o f  the  

Hami l ton ian  ma t r i ces  bo th  f o r  t he  ground and the  (010) s ta tes ,  as w e l l  as the  

expansions o f  t h e  t r a n s i t i o n  moment operators quoted i n  Table 111, a l i s t i n g  

o f  l i n e  p o s i t i o n s  and i n t e n s i t i e s  o f  t he  v ,  band o f  l K O 1 a O ' K O  and o f  t he  

B-type component o f  t h e  v ,  band o f  ' K O ' K O ' a O  was computed. The c a l c u l a t i o n s  

were performed up t o  maximum values o f  J ,  Ka, and E " ,  r e s p e c t i v e l y ,  o f  65, 

17, and 1750 cm-' w i t h  an i n t e n s i t y  c u t o f f  o f  0.25 x 

cm"/molecule cm-' a t  296 K f o r  t h e  ' K O ' K O ' 8 0  and l K O ' a O I K O  molecules, 

respec t i ve l y .  The r e s u l t i n g  t o t a l  band i n t e n s i t i e s  a r e  0.649 x lo-" and 

0.645 x 10'" cm-'/molecule cm" a t  296 K r e s p e c t i v e l y  f o r  t h e  v ,  bands o f  

these two isotopes. P a r t i t i o n  func t i ons  Z(296 K )  = 7385 f o r  1KO'K0180 and 

Z(296 K) = 3599 f o r  1601801K0 were used i n  the  ca l cu la t i ons .  

and 0.50 x lo-,' 

To check the  q u a l i t y  o f  our ca l cu la ted  parameters, we have compared 

p o r t i o n s  o f  s y n t h e t i c  spec t ra  w i  t h  the  measured l a b o r a t o r y  spectra. The 1 i n e  
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parameters f rom Ref. (5) were inc luded t o  reproduce absorp t ion  features o f  the  

v a  and 2 v a - V I  bands o f  "0,. As can be seen from Figs. 1 t o  3 ,  the  agreement 

between measurement and c a l c u l a t i o n  i s  very  good i n  a l l  cases. 

CONCLUSIONS 

Using h igh- reso lu t ion ,  room-temperature Four ie r  t rans form spect ra o f  

"0-enriched samples o f  ozone, we have performed a d e t a i l e d  ana lys i s  o f  the v, 

bands o f  the  two monosubst i tuted i s o t o p i c  species, '601 '0 '60 and '60160''0. 

The exper imental  v i b r a t i o n - r o t a t i o n  energy l e v e l s  o f  bo th  molecular  species 

obta ined from t h i s  ana lys i s  combined w i t h  the  a v a i l a b l e  microwave data were 

then reproduced t o  the exper imental  accuracy w i t h  the  a i d  o f  a Watson A-type 

Hami l ton ian l ead ing  t o  accurate se ts  o f  v i b r a t i o n a l  energ ies and r o t a t i o n a l  

constants  f o r  the  ground and the f i r s t  exc i ted  s ta tes  V a  o f  the  two i s o t o p i c  

species. Because o f  t he  d i f f i c u l t i e s  invo lved i n  measuring the  exact sample 

p u r i t i e s ,  t he  l i n e  i n t e n s i t i e s  were computed i n  the  f o l l o w i n g  way. The l i n e  

i n t e n s i t i e s  o f  the  syrrmetrical species 1 6 0 1 ~ 0 " 0  were f i r s t  determined 

t h e o r e t i c a l l y  by t r a n s f e r r i n g  the  d i p o l e  moment o f  "0, determined 

exper imenta l l y  i n  e a r l i e r  studies.  Assuming a f a c t o r  o f  2 between the 

abundances o f  1'01601'0 and '60180160 i n  the sample produced i n  the  

labora tory ,  exper imental  i n t e n s i t i e s  were  der ived  f o r  t he  B-type component o f  

the  V a  band o f  160'aO''0. 

was too  weak t o  be observed i n  the  spectrum. F i n a l l y ,  a l i s t  o f  l i n e  

p o s i t i o n s ,  i n t e n s i t i e s ,  and lower s t a t e  energies f o r  t he  V a  band o f  1sO''0160 

and f o r  t he  B-type component o f  t he  va  band o f  "O'60's0 was generated 

p r o v i d i n g  a complete d e s c r i p t i o n  o f  the  f i n e  s t r u c t u r e  o f  t he  absorp t ion  o f  

the  "0-monosubsti tuted ozone isotopes near 14.3 pm. 

The A-type component o f  t he  V a  band o f  '60"O'e0 
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Figure  Captions 

F igure  1. Spectrum near 635 cm-' o f  a room temperature l0O-enr iched ozone 

sample prepared from an i s o t o p i c  m ix tu re  o f  oxygen conta in ing  

-85% ''02 and -15% "0,. The ozone sample pressure was -15.3 

Figure  2. 

T o r r  and the  absorp t ion  pa th  was 50 cm. 

the  Q K l l  = 9 se r ies  o f  l i n e s  belonging t o  the  v, band o f  lrO''O'eO 

( s o l i d  c i r c l e s )  a re  observed. The e x c e l l e n t  agreement between the 

observed ( s o l i d  l i n e )  and b e s t - f i t  ca l cu la ted  (p lus  symbols) 

spec t ra  can be not iced. 

Laboratory  ( s o l i d  l i n e s )  and b e s t - f i t  ca l cu la ted  (p lus  symbols) 

spect ra i n  the  reg ion  o f  the  v z  band o f  l'O'oO1'O around 732 cm-'. 

The labo ra to ry  spectrum was recorded a t  room temperature w i th  about 

15.3 T o r r  o f  ozone i n  a 50-cm absorp t ion  path. The ozone was 

prepared from an oxygen m ix tu re  conta in ing  -85% "0, and -15% 

I n  t h i s  spec t ra l  region, 

P 
a 

R 
1 0  0,. The QK,, = 6 l i n e  se r ies  ( s o l i d  c i r c l e s )  i s  c l e a r l y  v i s i b l e  

a 
and i s  w e l l  reproduced by the  ca l cu la t i ons .  

Laboratory  ( s o l i d  l i n e )  and b e s t - f i t  ca l cu la ted  (p lus  symbols) 

spect ra i n  the  reg ion  o f  the  v 2  bands o f  lrO'eO''O and ''O''O'oO 

around 790.5 cm-'. The labo ra to ry  spectrum was recorded a t  room 

temperature w i t h  about 15.3 T o r r  o f  ozone i n  a 50-cm long 

absorp t ion  c e l l .  The oxygen was generated f r o m  an oxygen sample 

w i t h  an i n i t i a l  i s o t o p i c  composition o f  -85% " O z  and -15% 

1 0  0,. 

are  observed i n  t h i s  spec t ra l  region. The i r  absorpt ions a re  w e l l  

reproduced by the  ca l cu la t i ons .  

F igure  3. 

The h igh  J and Ka t r a n s i t i o n s  o f  "O'60'o0 and '60100"0 
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L i s t  o f  Tables 

Table I .  V i b r a t i o n a l  Energies and Rota t iona l  Constants f o r  the  (000) and 

(010) S ta tes  o f  160180160. 

Table  11. V i b r a t i o n a l  Energies and Rotat ional  Constants f o r  the  (000) and 

(010) S ta tes  o f  160160180. 

Table 111. T r a n s i t i o n  Moment Operators f o r  the  v ,  Bands o f  160180160 and 

1 6  1 6  1 8  0 0 0. 



TABLE I 

V i b r a t i o n a l  Energies and Rota t iona l  Constants f o r  t h e  
(000) and (010) States o f  160180160 

3.290499002 f O.00000019 

0 -4453992290 f 0~000000037 

0.391329662, f 0.000000032 

(0.1808811,, _+ 0.0000095) x 

f 0.00017) x 

f' 0.OOOll) x 10-6 

2 o.00019) x 1 0 - ~  

_+ 0.00017) x 

2 0.00077) x lo-, 

f 0.0022) x 10-8 

2 0.050) x 10-lo 

f 0.083) x 10-l2 

t 0.30) x 

f 0.12) x lo-" 

f 0.021) x 10-12 

693.30570, f 0.000040 

3.34155121, f 0.00000043 

0.4441880888 2 0~000000068 

0.388900751, f 0.000000065 

(0.199052262 f 0.0000092) x io-3 

(-0.12424,, k 0.00015) x lo-' 

(0.450826,, k 0.000094) x 

a 0.00017) x 

f o.00011) x 1 0 - ~  

5 0.00064) x lo-, 

f 0.0012) x 10-8 

0.25) x lo-" 

2 0.046) x 

2 0.016) x lo-, 

f 0.32) x lo-" 

5 0.013) x 

f 0.021) x lo-" 



3 

Y 

TABLE I 1  

V i b r a t i o n a l  Energies and Rotat ional  Constants f o r  t h e  
(000) and (010) States o f  160160180 

3.488185078 f 0~00000013 

0.4200083281 f O.OOOOOOO22 

0.3740089353 f O.OOOOOOO20 

(0.2038845,, f 0.0000064) x 

(-0.19022910 f 0.000069) X 

(0.40691789 f 0.000040) X 

( o.2920551 2 0.00013) x 

(0.606059,, f 0.000098) x lo-, 

(0.35200,, -+ 0.00047) x lo-, 

( -0 1589,, f 0.0014) x 

(-0.14066 f 0.029) x lo-'' 

( 0.30051 k 0.024) x 

( 0 15996 f 0.021) x 10-8 

(0.20, f 0.19) x lo-" 

(O.ll&,, 2 0.013) x 

684 -613419 5 0.000027 

3.53817681, f 0.00000030 

0.4188292693 f 0~000000038 

0.371940160, f 0.000000036 

(0.2235178, f 0.000012) x 

(-0.185794,, +- 0.000093) x 

(0.409396,9 f 0.000050) x 

(0.35057,, f o.00011) x 1 0 - ~  

(0.602338,, f 0.000063) x lo-, 

(0. 440788, f 0.00078) x lo-, 

(-0.1832,, f 0.0013) x 

(-0 -923, f 0.90) x 10-12 

(0.315,, f 0.023) x 

(0.272,, f 0.014) x loe8 

(-0.768, f 0.20) x 10'" 

(o.15007, f 0.0062) x 10'l2 

(-0.52383 f 0.016) x 10'" 

( -0 952, 2 0.67) x 10-l~ 



TABLE I 1 1  

T r a n s i t i o n  Moment 0 e r a t o r s  f o r  the  v 2  Bands o f  
l60180l9~ and 160160180 

1601 801 6 0 16016 0180 

4J -0.488 x 10” (-0.49500, f 0.00035) x lo-’ 
X 

P4Jy¶ Jzl  0.194 x (0.27726 0.0021) x 

0.135 x (0.1475, f 0.0011) X 

A l l  the  r e s u l t s  a re  i n  Debye and the quoted e r r o r s  correspond 

t o  one standard dev ia t ion .  

As expla ined i n  the t e x t ,  only the B-type component of t h e  v 2  

band o f  160’60180 was observed. 



L i s t  o f  Symbols 

v = lower  case Greek l e t t e r  nu 

b = upper case Greek l e t t e r  d e l t a  

6 = lower  case Greek l e t t e r  d e l t a  

4 = lower  case Greek l e t t e r  p h i  


